Eastern white pine (Pinus strobus L.) is a highly productive native conifer of the southern Appalachian Mountains that has long been established in plantations for conventional purposes of afforestation and timber production and potentially for carbon sequestration both within and outside its natural range. Growth-and-yield models are not available, however, for use by land managers to evaluate potential economic value of plantations established on sites of various qualities over time. Data from 78 plantations in the southern Appalachian Mountains of Georgia, North Carolina, and Virginia were used to develop models for estimation of survival, basal area, and yields of cubic and board feet as functions of stand age, site quality, and stocking. Stand structure and volume yields were strongly related to stand age and site quality. Compared to plantations on sites of lower quality, stands on good sites had lower survival but higher basal area stocking, cubic volume, and sawtimber yields.
E astern white pine (Pinus strobus L.) has long been recognized as a highly desirable native conifer with silvical characteristics favorable for management under various silvicultural systems on a range of sites in the northeastern United States (Wendel et al. 1983 ). In the South, eastern white pine (hereafter white pine) is primarily a species of mountainous landscapes of the Cumberland Mountains of Tennessee and the southern Appalachian Mountains of Georgia, North and South Carolina, and Virginia (Burns and Honkala 1990) . Silvics of the species and its silviculture in pure and mixed natural stands are well known (Wendel and Smith 1990) .
The species is favored for intensive culture in pure stands because it is easily established, is long lived, forms dense stands that respond to management, has few insect and disease problems, outgrows almost all other native species on low-quality sites, and is economically valuable (Wahlenberg and Doolittle 1950 , Dierauf and Scrivani 1995 , Smalley and Hollingsworth 1997 , Clatterbuck and Ganus 2000 , McNab and Ritter 2000 , Myers et al. 2008 . Plantations of white pine occupy nearly 50,000 acres in the southern Appalachian Mountains of North Carolina, of which nearly 80% is on private or industrial lands (Johnson 1991) . As with loblolly pine (P. taeda L.) in the Georgia Piedmont (Hays 1989) , white pine has been suggested as a suitable species for use by southern Appalachian landowners under the 1985 Conservation Reserve Program (Clatterbuck and Ganus 2000) , which was implemented to reduce erosion from unstable soils on agricultural fields. As white pine plantations established under the Conservation Reserve Program approach maturity, practical guides are needed by landowners for evaluation of silvicultural options, such as thinning, to achieve management objectives for conventional products and emerging alternative purposes, such as carbon sequestration (McNab 2012) .
White pine is the most widely planted tree species for restoration of surface-mined land in the eastern coalfields region of southwestern West Virginia, eastern Kentucky, and western Virginia (Andrews et al. 1998 , Torbert et al. 2000 . White pine plantations establish well on low-to medium-quality reclaimed sites, tolerate competing herbaceous vegetation (Torbert et al. 1985) and respond to intermediate stand management (Casselman et al. 2007) . Rodrigue et al. (2002) reported that plantings on reclaimed surfacemined sites were typically more productive than on adjacent unmined sites.
Relatively little information is available to resource managers for management options of white pine plantations in the southern Appalachians. Vimmerstedt (1961 Vimmerstedt ( , 1962 published cubic and board feet yield tables for unthinned, fully stocked plantations of white pine in the southern Appalachian region. Dierauf and Scrivani (1995) present similar information for plantations in the Appalachian Mountains of Virginia. Existing (Vimmerstedt 1962) yield tables have several limitations. First, the yield tables require estimation of the initial density of seedlings planted, which may be difficult to determine for older plantations where mortality has occurred. Forest managers not only require flexibility to use the most appropriate models for their applications but also require robust procedures that allow inventory data to be substituted for estimates (e.g., estimated yields based on actual survival rather than initial planting density). Also, as an option to the site index curves developed by Vimmerstedt (1959) , which were used for several models in his growth-and-yield study (Vimmerstedt 1962) , some users could prefer estimation of site index based on height-age relationships developed from recent studies in their geographic area. For example, Dierauf and Scrivani (1995) constructed site index curves for white pine plantations in Virginia.
The objective of the present study was to expand the usefulness of a previous study (Vimmerstedt 1962) by developing alternative yield equations that use surviving number of trees per acre, and current stand height and plantation age as independent variables. The final result is a yield-estimation procedure that should have improved utility for land managers planning for management options in the following ways:
• Volume yield for established plantations may be estimated more accurately when the number of surviving trees per acre is known.
• Height of dominants rather than site index is used as the measure of site quality. This allows the user flexibility to substitute the site index equation of choice (e.g., see Beck 1971) into the yield-estimation procedure.
• Survival and volume yield estimates for established plantations may be projected and volume growth rates determined by differencing.
The scope of our study is limited to planted, fully stocked, unthinned stands of white pine established on old-field sites.
Methods
Our study is based on the data set used by Vimmerstedt (1962) because resources were not currently available for collection of more recent field data. The Vimmerstedt (1962) dataset was remodeled in 1981 to develop a comprehensive system of equations suitable for implementation in the YIELD personal computer software (Hepp 1982) that was deployed to hundreds of users.
Study Area and Field Techniques
A total of 78 plantations were examined during 1957 and 1958 in North Carolina, Tennessee, and Georgia (Figure 1 ) that had been established on old-field sites. Sampling was limited to unburned, unthinned plantations without large openings or numerous trees of other species in the main canopy. Small plots were established in fully stocked parts of plantings on uniform topography and with two or more buffer rows of trees along boundaries. Plots were laid out to include about 64 living trees; the area sampled varied with original spacing of planted seedlings and survival. The following data were collected: (1) total height and age of five or six dominant and codominant trees; (2) stem taper, total height, and bark thickness on a total of 241 trees; (3) a complete tally by 1-in. diameter classes of all live trees; and (4) dbh and total height of two trees in each diameter class (Table 1) . Although 130 plots had been established by Vimmerstedt (1962) , data from some were eliminated that had been recently damaged by ice (e.g., unsuitable for site index but satisfactory for other variables) or were missing certain parameters (e.g., some plantations were too young to exhibit merchantable volume). Therefore, the number of plots used in development of each model varied. Multiple plots were established in large plantations to sample variation in site quality and density. There was a scarcity of plots for older plantations (i.e., greater than age 30) and for high-quality sites (i.e., greater than site index 65 base age 25) ( Table 2 ). The board-foot volume was estimated using the International 1/4-Inch Rule for trees 7 in. dbh and larger to a 6-in. inside bark top diameter. Additional information on field methods was presented by Vimmerstedt (1962) . 
Model Development
Survival rates were modeled following methods used by Bailey (1974a, 1974b) in unthinned loblolly (P. taeda L.) and shortleaf pine (P. echinata Miller) plantations with the relationship
where: ln is natural logarithm, T p is number of trees planted (per acre), T s is number of trees surviving (per acre), A is plantation age (years), f denotes function, and H is average height (ft) of dominant and codominant trees. The YIELD software (Hepp 1982 ) uses a two-step process with the above relationship to project T s (A 1 ) to T s (A 2 ). First, T p is calculated using T s (A 1 ). Then T s (A 2 ) is calculated by substituting T p from the first step.
Results and Discussion

Average Plantation Height and Site Index
Average height of dominant and codominant trees ranged from 18 to 104 ft and site index (base age 25) ranged from 45 to 78 ft (Table 1) ; the majority of stands sampled were in the 50 -69-ft class ( Table 2 ). The following model was developed to describe the relationship between height and age of white pine plantations for 111 sample plots ln͑H͒ ϭ ln͑S͒ ϩ 18.0964 ͑1/25 Ϫ 1/A͒ (1)
where H is total tree height in ft, S is site index in ft (base age 25), and A is stand age in years. Anamorphic site index curves (base age 25) can be generated from Equation 1.
Survival Rate
Data from 102 plots were used to determine coefficients for the survival model. The equation selected as most appropriate used transformations of A, H, and T p identical to those of Bailey (1974a, 1974b ); the variables A, H, and T p are the same as previously defined. Residual plots revealed a homogeneous distribution over the range of independent variables.
where T p /T s is the ratio of total number of trees planted to the number of trees surviving at a specified age and ͌H is the square root of the average height of dominant and codominant trees. Using Equation 2, the projected number of trees per acre surviving was calculated for each plot in the data set and compared with the observed number. Of the predicted values, 41% were within Ϯ 10% of the observed. There was a slight tendency to overpredict survival (average difference was 26 trees, or 2%). Figure 2 illustrates survival patterns for a planting density of 1,500 stems per acre, which was near the study average of 1,445 seedlings per acre.
Yield Equations
Equations to predict cubic foot volume (CUFT), basal area (B), and board foot volume (BDFT) per acre were derived as functions of A, H, and T s, as previously defined. A model similar to one developed by Burkhart et al. (1972) was determined to be most suitable. The general form of the model is
where Y ϭ yield (CUFT, B, BDFT) per acre and b 0 -b 3 are coefficients derived from analysis of the field data.
Various transformations of the independent variables in the above model were tested. Criteria used to refine the equation were the coefficient of determination (R 2 ), standard error of the estimate (S y.x ), residual patterns, and projections that follow expected biological behaviors such as stand senescence and competition-related effects relative to site quality.
A total of 111 plot records was used to fit the following equation for CUFT. (Figure 3) .
Also, the culmination of yield predictions occurs in the age range of 35 to 50 years and is strongly influenced by site quality (Figure 4) . A similar trend has been modeled in other studies of pine plantation yields (Dell et al. 1979 , Smalley and Bailey 1974a , 1974b A comparison of our modeling procedure with that of Vimmerstedt (1962) was made using the original data set. Of the predicted values from the Vimmerstedt equation, 37% were within Ϯ 10% of the observed compared to 46% using Equations 2 and 3. When observed T s and Equation 3 alone are used, this increased slightly to 51%.
Predictions by both Vimmerstedt (1962) and our model tended to slightly underpredict observed cubic volumes calculated from relationships developed by Vimmerstedt (1961) . The average difference by the Vimmerstedt (1962) relationship was Ϫ10.1 cubic feet per acre and for Equations 2 and 3 of this study the average difference was Ϫ8.9 cubic feet per acre. When observed T s was substituted into Equation 3, the average difference was Ϫ3.5 cubic feet per acre. This is evidence that more reliable yield estimates for established plantations are possible when T s is measured rather than estimated with the survival relationship.
A total of 111 plot records was used to fit the following equation for basal area. where BDFT is board foot volume per acre, to a 6.0-in. top diameter inside bark (diameter inside bark), International 1/4-Inch Rule for all stems 7 in. dbh or greater.
Of the predicted board foot volume estimates, 30% were within Ϯ 10% of the observed values. The estimating procedure used by Vimmerstedt also generated a 30% precision level, with a slight bias to under predict (average difference was Ϫ231 board feet). In comparison, Equations 1 and 5 together tended to over predict slightly (average difference was 280 board feet). Neither of these average differences is significant at the 95% confidence level. The trend of board foot volume production varies greatly by site quality with a marked increase for site index 75 ( Figure 6 ). As expected, culmination for board foot yield occurs at a later age than for cubic foot volume.
Yield Tables
Equations 1-5 were used to generate estimated survival, basal area, and volumes for combinations of plantation ages, planting densities, and site indexes (Tables 3-9). Planting density ranges from 500 to 2,500 trees/acre in increments of 500, site index ranges from 45 to 75 ft in increments of 5 ft, and age ranges from 10 to 50 years in increments of 5 years. Users should take notice of certain combinations of ages, density, and site index represented by sparse field data. Particularly conspicuous is the lack of data for intermediate ages (30 -39 years) and for plantations of high stocking densities on sites of high site index. Quadratic mean diameters (D) are not presented in the tables but may be calculated from estimated stem density and basal area (B) as
where k is 0.00545415, and N is number of trees/acre. Table 10 provides both a comparison of measured with predicted parameter values for a selected sample plot from the field data set and a means for managers to check results of solving the models, for example, using a computer spreadsheet application.
Implications for Management
Predicted survival and growth are believed to be representative of the natural development of undisturbed, nearly pure white pine plantations established on a range of site qualities throughout the southern Appalachian Mountains of Georgia, North Carolina, and Tennessee. For conciseness, graphical examples in Figures 2-6 are limited to a planting density of 1,500 trees per acre, or a spacing of about 5 by 6 ft. Where discussions relate to changes in planting density, trends can be verified from the table.
Survival.-On all sites survival percentage decreased as planting density and age increased. With an increase in site quality, however, survival was slightly higher at early ages and lower at older ages. This is likely a result of increased competition on higher quality sites as age increased. Basal Area.-Total basal area (trees of all sizes) for site indexes of 65 and 75 culminated before age 40 for all planting densities. For stands with site index of 55, however, culmination occurred at densities greater than about 2,000 trees per acre. On sites where site index is 45 or less, culmination of basal area increment will probably occur at ages greater than 50 years. As planting densities increased, mean diameter declined for plantings of all ages and site qualities. Improvement in site quality always resulted in stands with larger mean diameter. For all stands of all site qualities and densities, diameter growth was essentially linear past age 20.
Yields.-Total cubic-foot volume (trees Ն 3.0 in. dbh to a 3.0-in. diameter inside bark top) and board foot (trees Ն 7.0 in. dbh to a 6.0-in. diameter inside bark top) yields increased with site quality and planting density, but the effect of density was small for stands where site index was less than 55 ft. Yield increased with age for all planting densities on site indexes 40 and 50. For planting densities of 1,000 -2,500 trees per acre on site qualities 60 and 70, yield culminated at 30 -35 years. In effect, the loss of volume from mortality began to exceed both total and merchantable growth on the remaining trees. Mean Annual Increment.-For total volume, mean annual increment culminated for all site qualities and planting densities. Age Table 4 . Predicted survival, basal area, and volumes (trees > 3 in. dbh to 3-in. dob top; sawtimber trees > 7 in. dbh to 6-in. dib top) per acre by planting density and plantation age for unthinned eastern white pine plantations of site index 50 (25 yr) in the southern Appalachian Mountains of Georgia, North Carolina, and Tennessee. at culmination decreased from 25 years on poor sites to about 19 years on the best sites, regardless of planting density. Increment at culmination increased with planting density up to 2,000 trees per acre on all site qualities. Merchantable volume increment culminated on all sites at all planting densities. However, the culmination occurred at older ages than for total volume (for example, at ages 35-40 years) for site index 40 ft and ages 20 -23 for site index 70. Direct comparison of our results with those reported elsewhere is difficult because of a lack of other studies on white pine or inconsistent measurement variables, such as different base age for site index. In comparison with similar studies of loblolly and shortleaf pine plantations Bailey 1974a, 1974b) , however, white pine exhibits similar growth-and-yield relationships with age and site quality. Dale et al. (1989) developed yield equations for white pine plantations in Ohio, but comparisons with our results were not attempted because a base age of 35 years was used for site index in that study.
The yield relationships developed in our study may have broader application than for old-field sites in the southern Appalachians, such as evaluation of management options on reforested surfacemined sites in the southern part of the native range of white pine. For example, using information for an unthinned white pine stand on a reclaimed surface-mined site in southwestern Virginia (Casselman et al. 2007 ), our models predicted basal area and quadratic mean dbh within 10% of actual. We do not imply that our survival and yield prediction equations are applicable for sites other than old fields, however, and suggest only that the models receive further test and evaluation elsewhere. In summary, white pine is a native conifer that occurs at low to middle elevations in mixed and nearly pure stands throughout the southern Appalachian Mountains. For over 100 years, the species has also been planted for resource management objectives ranging from controlling erosion and increasing productivity on previously cultivated slopes to production of high-quality sawtimber on more favorable sites. Also, improved genotypes are now available for planting. Results of this study are applicable for estimating yields of conventional cubic and sawtimber volumes in unmanaged plantations on old-field sites. Users should be aware that the reliability of yield projections from our equation system is inversely related to the scope of extrapolation. Except for several case studies (McNab and Ritter 2000, McNab 2012 ), guides are not available for the response of white pine stands to intermediate stand management, such as reduction of basal area to increase yields of conventional products. Table 8 . Predicted survival, basal area, and volumes (trees > 3 in. dbh to 3-in. dob top; sawtimber trees > 7 in. dbh to 6-in. dib top) per acre by planting density and plantation age for unthinned eastern white pine plantations of site index 70 (25 yr) in the southern Appalachian Mountains of Georgia, North Carolina, and Tennessee.
Carbon sequestration is an emerging, unconventional product that has been identified as a management option for conifer plantations in the South, particularly loblolly pine (Johnsen et al. 2004 ) and should be considered as a potential management option for white pine plantations (McNab 2012) . Because our results were derived from plantations inventoried more than 50 years earlier, users should be aware of potential limitations when applying the models to current young white pine plantations, such as the unknown effects of possible changes of climate on site index, survival, and growth and yield (Huang et al. 2011 ). Table 8 , Vimmerstedt (1962) . n/a, not applicable.
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